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NATIONALADVISORYCOMMITTEEFORAERONAUTICS

TECHNICALNOTE2425

PIASTTCSTRESS-STRAINRELATIONSFOR75S-T6AWMINUMALLOY

SUBJECTEDTOBIAXIALTENSILESTRESSES

~ JosephMarin,B.H. U1.righ,andW. P.Hughes

Inthisinvestigation,thematerialtestedwasa 75S-T6aluminum
alloyandthestresseswereessentiallybiaxialandtensile.The
biaxialtensilestresseswereproducedina speciallydesignedtesting
machineby subjectinga thin-walLedtubularspecimentotial tension
andinternalpressure.Plasticstress-strainrelationsforvarious
biaxialstressconditionswereobtainedusinga clip-typeSR-4strain
gage.

Threetypesoftestsweremade: Constant-stress-ratiotests,
variable-stress-ratiotests,andspecialtests.Theconstant-stress-
ratiotestresultseve contioldataandshowedtheinfluenceof
biaxialstressesontheyield,fracture,andultimatestrengthofthe
material.Bymeam ofthevariable-stress-ratiotests,it ispossible
to determinewhetherthereisanysignificantdifferencebetweenthe
flowanddeformationme of theory.Finally,specialtestswere
conductedto checkspecificassumptionsmadeinthetheoriesofplastic
flow.

Thecorwtant-stress-ratiotestsshowthatthedeformationtheory
basedontheoctahedral,effective,or significantstress-strain
relationsisinapproximateagreement.withthetestresults.The
variable-stress-ratiotestsshowthatboththedeformationandflow
theoryareinequallygoodagreementwiththetestresults.

INTRODUCTION

Machineandstructuralpartsmaybe subjectedto stressesbeyond
theyieldstrengthofthematerial.Oftenthesestressesarenotsimple
stressesactinginonedirection,butarecombinedstressesactingin
morethanonedirection.To adequatelydeterminethefactorsof safety
ina particularmember,it isnecessarytoknowtheplasticstress-strain
relations.Furthermore,inpartswhichme subjectedto initialresidual
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2 NACATN 2k25

stresses,suchashigh-pressurevessels,informationontheplastic
stress-strainrelationsisimportant.AnothervaluableuseOf the
plasticstress-strainrelationinmetalsisinthestudyandimprove-
mentofformingoperations.

Inrecentyesrs,manytheorieshavebeenproposedfordefifing
theplasticcombinedstress-strainrelationsformetalsbasedonthe
simple-tensionstress-strainrelations.Thesetheoriesareneededfor
thesolutionoftheengineeringproblemsmentionedintheforegoing
psragraph.However,forengineeringdesignpurposes,it isdesirable
to lmowwbichoftheavailabletheories,ifam, Wee ~th thetest
resultsforthevariouspossiblestressconditions.Inthepast,most
investigationshavebeenmadeforbiaxialtensionstressesandforthe
conditioninwhichtheratiooftheprincipalstressesremainsconstant
duringloading.Constant-stress-ratiotestsdonotdistinguishbetween
theflow-anddeformation-typetheorieslanditwasforthisreasonthat
emphasisinthisreportisplacedonvariable-stress-ratiotests.
Constant-stress-ratiotestsarealsoreportedinordertoprovidebasic
informationonthestrengthpropertiesofthematerialtested.The
presentinvestigationisrestrictedto a 75s-T6aluminumalloysubjected
tobiaxialtensilestressesonly.

TheresearchhereinreportedwasconductedinthePlasticity
LaboratoryofthePennsylvaniaStateCollegeunderthesponsorshipand
withthefinancialassistanceoftheNationalAdvisoryCommitteefor
Aeronautics.Dr.SsmBatdorfandhisassociatesatLangleyFieldgave
valuedsuggestionsintheplanningoftheresearchreportedherein.
Messrs.B. H.Ulrich,W. P.Hughes,andL.W. Hu,researchassistants,
conductedthetestsandcomputedthetestdata.Partsofthetesting
machineandthespecialstraingagewerebuiltbyMessrs.S.S.Eckl.ey,
H. Johnson,andI.B@lme. The
foregoingindividualsinmaking
appreciated.

assistancegivenby theNACAandthe
possiblethisinvestigationisgreatly

SYMBOLS

d originalinternaldiameteroftubulsr

d internaldiameteroftubularspecimen
P inches

specimen,inches

inplasticrange,

% thisr@port,whenreferenceismadeto-theflowanddeformation
theories,thesimpletheoriesbasedontheoctahedralshesrstressand
strainsreintended.

———
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Young’smodulusofelasticity,psi

longitudinalandlateralnominalstrainsinplastic
range,respectively,inchesperinch

strengthcoefficientforsimpletension

Poisson’sratio

strain-hardeningcoefficientforsimpletension

internalpressure,psi

axialtewionload,pounds

originalwallthicknessoftubularspecimen,inches

wall.thickness.oftubularspecimeninplasticrange,
inches

principal-stressratios

truestressinsimpletension,psi

yieldstressin simpletension,psi

nominalultimatestressinlongitudinaltension,psi

truerupturestressinlongitudinaltension,psi

truelongitudinaland
respectively,psi

trueradialprincipal

lateralprincipal

stresses,psi

stresses,

elasticlongitudinalandlateralprincipalstresses,
respectively,psi

yieldlongitudinalandlateralprincipalstresses,
respectively,psi

nominalultimatelongitudinal
stresses,respectively,psi

truelongitudinalandlateral
rupture,respectively,psi

andlateralprincipal

principalstressesat

.—— ——- _—.——



4 NAC!ATN 2425 ‘

significantstress,psi

truestraininstipletension,inchesperinch

trueprincipalstrains,inchesperinch

significantstrain,inchesperinch

totalprincipalstrains,inchesperinch

incrementinplasticflow (F(5)t@

TESTPROCEDURE

MaterialTestedandSpectien

Thematerialtestedinthisi~estigationwasa fullyheat-treated
aluminumalloydesignatedas75s-T6. Thematerialwassuppliedin
tubularextrudedforminlengthsof16 feetwithan internaldiameter
of2 inchesanda wallthicknessof1/4inch.Thenominalchemical
canposition,inadditiontoaluminumandnormalimpurities,consists
of 1.6 percentcopper,2.5percentmagnesium,andtracesofmanganeseand
chromium.Nominalmechanicalpropertiesintensionasfurnishedby the
manufacturerare: Ultimatestrength,88)000psi;yieldstrength
(O.2 percentoffset),80,000PSi;m.od~usofelasticity,10.6X 106pSi;
percentelongationin2 inches,10percent;andp~sson’sratioj0.33.

Thedimensionsofthemachinedspecimensareshowninfigure5 of
ference1. Thespecimenusedhadan over-al-1lengthof I-6inches,

k.kha- tntermediatelengthofXl inchesofreducedwall.thickness
equalto about0.100* 0.002-inches.Theinternalsurfacewasleftin
theextrudedform.Thewallthicknessofthetubularspecimenwas
measuredusingtheapparatusdescribedinreference1. Theratioof
thewallthicknessto diameterofthespecimenwas0.05,sothatthe
biaxialstressesthroughoutthewallwereessentiallyconstant.The ‘
ratioof diameterto lengthforthespecimenwasabout0.18,sothata
sufficientlylongsectionofthespecimenwasavailablefreefrom
bendingstressesproducedby endrestraints.

,t

,
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NACATN 2&5 5

TestingMachine

Themachineusedforthetestsreportedinreference1 wasmodified
forthepresentinvestigation.Changesinmethodsofapplyingthe
internalpressureandaxialloadsanda new-typeclipgagewereneces-
saryinthepresentinvestigationtoobtainmoreaccuratelythestress-
strainrelationsfortheinitialpartoftheplasticrange.‘Figure1
showsfrontandsideviewsofthebiaxial-stressmachine.Theaxial
tensileloadisappliedtothespectienS bymeansofa hydraulic
jackJ,a vertical.rodR, anda leverL. The.axialloadismeasuredby
a dynamometerD usingSR-4gages.TheleverL transmitstheloadto
thespectienthroughsphericalseatsSt to insureaxialityof loading.
ThefulcrumF oftheleverandtheendsoftheleveraresuppliedwith
bearingsto e13minateerrorsdueto flriction.ThepullingrodR is
providedwitha sphericalseatanda bearingto eltiinatebending.A
pumpunitP wasusedto applythetiternalpressure.A 10W automotive
oilwith175SSUviscosityat100°F wasthefluldusedforapplying
theinternalpressure.TheoilwassuppliedtothespecimenS by a
pmp P througha high-pressurepipelineto thelowerpullingheadH.
Therateofpressureapplicationwascontrolledbymeansofa release
valveV whichdischargedsurplusoilintotheoil-supplyreservoir.
Theoilpressurewasmeasuredby a 10,000-poundU.S.EourdongageG.

.

.

Theaxialityoftheloadwascheckedas describedinreference1.
Themachinewascalibratedforaxialloadingby usingacalibratingrod
withSR-4gagesinplaceofthespectienS andrecordtigthereadings
ona calibratedmechanicaltypedynamometeratD. Theaxialloadon
thespectiencouldbemeasuredwithin100pounds.Thepressuregage
wascalibratedbeforetestingandwasfoundtohavea maximumerrorof
about2 percent.

MethodofMeasuringStrains

Theelasticstratisweremeasuredfora 13/16-iuch gage length
by usingSR~ electricstraingages.TwoSR-4gages,onelongitudinal
andonelateral,were’attachedto thespecimenatmidlengthandwere
usedtomeasuretheelasticstrains(fig.2(a)).TheSR-4gageswere
cementedto thespecimensticompliancewiththeprocedureprescribed
by themanufacturer.Thestraingageswerecomectedthrougha switch
boxB sothateachgagecouldbe successivelyswitchedintothecircuit
withthestrainindicatorI. Thestra’inindicatorI recordsthestrain
directlyinmicroinchesperinch.

Theforegoingmethodofmeasurtigstrainsislimitedtoamaxinnm
strainvalueofabout0.015inchpertich.Inordertomeasurethe
plasticstrainsitwasnecessarytoprovidesomeotherldndof strati
gage.A clip-typegageas showninfigures2 and3 wasusedtomeasure

-.—. ————- —— — –—— .—— —————. -— --



6 NACATN2425.

thelongitudinalandlateralplasticstratis.A CEP gage consistsof
a rectangular-shapedframewiththecrossmembermadeofa phosphor-
bronzestriptowhichSR-4electricgagesareattachedtotheupper
andlowersurfaces.By thisarrangement,anadditionaltemperature-
compensatinggageisnotrequiredandticreasedsensitivityisobtained.
Bymeansoftheseclipgagesa largestratiatthepivotpointsofthe
clipisreducedtoa smalJ-measurablestratiatthebridgeoftheclip.
Thelongitudinalandlateralclipgagesmeasurestrainsto 0.00005inch
perinch.Theclipgageinfigure2 madeitpossibletomeasureboth
thelongitudinalandlateralplasticstrainsontwogagelengths.The
gageswerecalibratedusingthedeviceshowninfigure2(b).A stepped
plateC withnotchesalongtheedgesoftheplatespacedat fixedMown
distancesprovidesthestandardforCalibrattigtheclipgages.The
distancesbetweenthenotcheswereaccuratelymeasuredbymicrometer
calipersreatigto 0.0001inch.Withtheclipgageattachedtoa pair
ofnotches,theS@+ indicatorreadtigisrecorded.By useofthe
successivenotchesandby observingthecorrespondingSR-4indicator
readtigs,a calibrationoftheclipgagesismadepossible.

FinalStrainsatruptureweremeasuredto 0.01tichby useof
dividersand-ascale.

MethodofTesting

Priortotesttng,SR-4gagesweregluedto a tubularspectien.
Afteradjustingtheclipgagesandconnectingallstraingagestothe
switchingboxandstratiindicator,a zerosetof stratireadingson
theunloadedspechenwasrecorded.Oilwasthenpumpedthroughthe
specimentoremoveanyairthatmightbe trappedinthespectien.The
dischargeoutletinthepulltigheadofthetestingmachinewasthen
sealedanda protectionshieldwasplacedaroundthespechen. Internal
pressureoraxialloadsorbothtypesofloahg werethenapplied
accorhg topredete-ed values.Themannerandmagnitudeofthe
loadsappliednaturaIlydependeduponthespecifictypeoftest.At
selectedintervalsof loador strainthevaluesoftheloadsandstrains
wererecorded.lbactureloadswerenotedandpemanentstrainsafter
fractureweremeasured.

Priortotesttig,allspecimensweresubjectedtoa permanent
prestrainof0.2percent,firstinthelongitudinaldirectionandthen
inthelateraldtiection.Thisprocedurewasrecommendedby theNACA
committeeforthisproject.Thepurposeoftheprestraintigisto
reducetheamountofanisotropypresentintheetirudedtubularspectien.
Influenceof suchprestra~tigisdescribedina paperby Templti
(reference2).

..

. “
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CONSTANT-STRESS-RATIOTESTS \

.
Plasticstress-strainrelationsforvariousconstantbiaxial

stressratiosaretheusualtypeobtained.Toprovidethisstandard
informationandto obtaincontroldata,constant-stress-ratiotests
werealsoconductedaspartofthepresentinvestigation.It should
benotedthatconstant-stress-ratiotestsgivealsoinformationonthe
influenceofthecombinedstressratiouponthestrengthandductility
ofthematerial.

Conventional

Theaveragecurveshowing
stressandstrainforboththe

Stress-StrainResults

therelationsbetweentheconventional
longitudinalandhteralstressesis

showninfigures4 and5. Oneachstress~straincurvetheratio
/

(Y2al ofthelateralto longitudinalstressisgiven.Thestrati

valuesplottedinfigures4 and5 were~asuredbytheSR-4gRges
cementedtothespectiens.Formoststressratiosthreespectiens
wereused,butforallratiosat leasttwospecimensweretested.

.

Theequationsusedfor
bteralstressesplottedin

calculattigthe
figures4 and5

pd2+ 4:
ale =

4t(d+ t)

nominallongitudinaland
were,respectively,

(1)

(2)

(seereference1). Eqyation(2)forthelateralstressisthatbased
onaseumingthatthewallthicknessislsrge.Itwasnecessaryto
considerthelateralstreps

since,forthevalue t/d=

5 percentgreaterthanthat
thin-walledtube.

basedonthetheoryofthethick-walltube

0.05 used,cr2e= 1.05~ minusa value

obtainedby considertigthetheoryofthe

Thenominalor conventionalstrainvaluesplottedinfigures4
and5 weredeterminedfromthevaluesoftheSR-4indicatorreadtig.
Theindicatorreadingswerecorrectedforlateralsensitivityandthe
“combined-stresseffect”sincethemanufacturersconstantsarebased

—. —.-
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ona calibrationustiga steelBpecimenwitha Poisson~sratioof0.285.
Equationsforobtatitigthecorrectedstrainusingtheindicator
readingsaregiveninappendixB ofreference1.

Yield-strengthvaluesforaxialtension(as@ven intable1 for “
stressratioequaltoO)werebasedonoffsetstrainof0.002inch
perinch,as showninfigure4. Forthecombined-stresstestsan
equivalentoffsetstrainwasused. Thedeterminationofthis
equivalentoffsetstrainisexplainedin appendixB.

PlasticStress-StrainResults

Therelationbetweenthetruestressesandstratisfortheentire
rangeof stressandforthevariou,prticipalstressratiosaregiven
infigures6 and7. Thesestress-stratirehtionsdifferfromthe
conventionaldiagramsstic”etheyconsidera chan@ng.gagelengthand
changtigdimensionsofthespecimen.Thecurvesshowninfigures6
and7 arebasedontheaveragenominalstress-strainrelationforat
leasttwospecimens. ,

Thetrueplasticstrainsweredeterndnedfromtheclip-gage
readingsgivenby theSR-4indicator.Theconversionofthereading
to stratiininchesperinchisexphinedinreference1.

It
lateral
strains

csnbe shown(reference1)thatthetruelongitudinaland
stratish termsofthenominallongitudinalandlateral
el and -ePare

‘1 = lo& (1

$2= lo% (1

Thestressesintheplasticrange

}’+e-J
(3)

+ e2)

mustbe determinedustigthe
Wensionsattheparticularloadvalues,sincethechangesindimensions
durtigplasticflowareappreciable.Thetruelongitudinalandlateral
stressescanbe obtainedby equations(1)and(2)providedtheinitial
dismeterd andwallthicknesst arereplacedby theiractual “
values~ and tp attheparticularloadsconsidered.Thatis,the

stressesintheplasticrangesxe

p&f+4;
‘+ ktp(dp+~) (4)

Q
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Thevaluesofthedimensions~ and tp canbe showntobe

?P=(l+e~+e2)

9

(5) “

(6)

‘P= (d+ 2t)(l+e~ - 2tp (7)

Thetruestress-stratidiagramsrepresentedinfigures6 and7 arebased
on stressesandstrainsas calculatedby equations(3),(4-),and(5).
Thefracturepointsshowntifigures6 and7 werebasedonthestratis
afterrupturecorrectedfortheelasticstratisjustpriortorupture.

Fromthedatagiven.infigures4 and5,valuesofthenominal
ultimatestrengthsforthevariousbiaxialstressratiosweredetermined.
Thesevaluesarelistedintable2. Table3 showsthetruefracture
stressesforvariousbiaxialstressratios,as determinedfromfig–
urea6 and7. Table4 givesductilityvaluesby listingthenominal
andtruestratisat fractureforvariousbiaxialstressratios.

A&lysisandDiscussion

Yieldstrength.-Yield-streng’thvaluesforvariousbiadalstress
ratios(appendixB) arecomparedwiththetheoreticalvaluesinfig-
ure8 andtable1. Thecomparisonshowninfigure8 isbdseduponthe
uniaxialstren~hinthelongitudinaldirection.Figure8 showsthat
themaximum-she%or stresstheoriesareinapproximateageementwith
thetestresults.

Plasticstress-stratirelations.-Plasticstress-strainrelations
arecomparedwiththedeformationtheoryby plottingrelationsbetween
thesignificantstressandstrati(reference1)andcomparingthese
relationswiththetrueuniaxialstress-stratirelations(figs.9
and10). Thevaluesofthesignificantstressandstrainwerecomputed
bytheequations

~=\
; ~.1- .2)2+(.2- .3)2+(.l - .3)3 (8)

—. .—- .— -—— —.— ————
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‘=w==) (9)

Valuesof = and F arealsoreferredtoasthe“effectivestressand
strainlfandtheyareequivalenttothe“octahedralshearstressand
strati”exceptfora nmericalconstant.A studyoffigure100shows
thatthedeformationor flowtheoriescanhe usedtoapproximately
predictplasticstress-stratirelations.Thisconclusionisbasedon
theagreementbetweenthevarioussignificantstress-strainrektions
andthetrueuniaxklstress-strainrelationas showninfigure10.

A comparisonofthetruestress-strainrelationsforeach
principalstressandthevaluespredictedby theflowanddeformation
theoriesisgivenh figures6 and7. Thedeterminationofthetheo-
reticalstress-strainrektionsby theflowanddeformationtheories
isexpktiedinappendixA. Forconstantstressratiostheflowand
defamationtheoriescoincide.Formall stratisthetwotheoriesgive
thesameresultswithinthepossibleaccuracyofthecalctitions.
Figure10swws tit there iB good age~ent be~ef= the act~ stress-
strainrelationsandthevaluespredictedbyboththeflowandthe
deformationtheories.

BiaxialnmdnalUlt-te strength.-ValuesOfb~ n~
ultimatestrengthas givenintable2 arecomparedinfigureI.lwith
valuespredictedby themaximum-stressor sheartheoryof failure.
Figure11 showsthatthemaximum-stressor shesrtheoriesmaybe used
to approximatelypredictthenominalultimatebiaxialtensilestrengths
forAlcoa75S-T6aluminumalloy.

Biaxialtruefracturestrength.-Valuesofbiaxial.truefracture
strengthas listedh table3 arecomparedinfigure12withvaluesgiven
by themaximum-stresstheory.An examinationof figure1.2showsthe
maxtium-stressor sheartheoriesgiveanapproximatepredictionof
fracturestrength.~ viewoftheneckingdownofthespechenbeyond
theulthateloadsandthesubsequent,changesh thestateof stress
duetonecldng,thecomparisonbetweentheoriesandtestresultsis
consideredbetterthanmightbe expected.

Ductility.-Ductilityvaluesbaseduponboththetiitialand
changtiggagelengthsaregivenintable4 forvariousbkxialstresses.
Boththenominalandtrueductilityvaluesintable4 showthatthe
ductilitydecreaseswithincreaseiubiaxialityoftheprincipalstress
ratio cr21UlfromO to 1. Theinfluenceofbiaxialstressesonthe

ductilitycannotbe definitelydeterminedbecauseoftheeffectof
anisotropyofthematerial.Theinitialprestressingofthematerial
didnothavethedesfiedinfluenceonthesnisotropyofthematerial.
Thedirectionaleffectsinthespecimenarealsoindicatedby the

“

———
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differenceinthetruetensilestress-stratidiagrsmsforthelongi-
tudinalandlateraldirectionsas showninfigure13. Thedifference
inthetensilepropertiesinthetwodirectionsisalsoshownby the
differenceinvaluesof k and n asobtainedfromfigure13and
listedintable5. Valuesof k and n are,respectively,the
strengthcoefficientandstrain-hardeningexponentintheequation
a = k#, where u and G arethetruetensilestressandstrain,
respectively.

VARIABLE-STRESS-RATIOTESTS

Theconstant-stress-ratiotestsdiscussedintheforegoingsection
donotmakeitpossibleto distinmshbetweentheflowanddeformation
theoriessinceforconstantbiaxialstressratiosthetheoriescoincide.
Variable-stress-ratiotestswereconductedinthisinvesti~tiontian
attemptto showwhichofthetwotheoriesagreedbestwiththetest
results.

Variable-stress-ratiotestswereconductediness=tiallythessme
manner”astheconstant-stress-ratiotests,exceptthattheinternal
pressurewasfirstappliedupto selectedvaluesandaxialtensileloads
werethenappliedto fracture.Thevalueoftheinternalpressurewas
maintatiedineachcasewhiletheaxialloadwasapplied.Themanner
ofloadingisindicatedinfigures14and15whichshowthenominal
stress-strainrelationsforboththelongitudinalandlateralstresses
whenvariousloadingconditionswereused.Thenominal.stressesused
inplottingfigures14and15werecalculatedbyequhtions(1)and(2)
andthestrainsweredeterminedasexplainedinreference1. usillg
equations(3),(4),and(5)andtheaveragevaluesrepresentedby the
curvesinfigures14and15,thetruestressesandstratiswerecal-
culatedandforeachloadingconditionthevaluesoftruestress-strain
relationswereplottedforboththelongitudinalandlateraldirections.
Figures16and17showthesetruestress-strainrelations.Valuesof
thetruestress-strainrehtionsas determinedby theflowanddefor-
mationtheorieswerecomputedasex@@ned inappendixA. Thesevalues
arebasedonthetruetensionstress-strainrelationsaspreviomly
noted.A comparisonisshowninfigure16betweenthetestresultsand
thevaluesofthestress-strainrektionspredictedby theflowand
deformationtheories.An examinationof figure16 showsthatboththe
flowanddeformationtheoriesme inapproximateagreementwiththe
testresultsandthatonecannotbe recommendedinpreferencetothe
other.

To comparethedeformationtheoryandtestresults,significant
stress-strainrelationswereplottedforthevariable-stress-ratiotests
as showninfigure18. Figure19 showsthesignificantstress-strain

—. —— ——— .— .—
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relationsplottedwitha commonorigtiaewellasthetfueuniaxial
tensilestress-strainrelation.An examtitionofthesignificant
stress-straincurves,tifigure10 forconstantstressratiosindicates
thatsomeofthedifferencesbetweenthesignificantstress-strain
relationsh figure19aredueto anisotropy.Theanisotropyisshown
by thedifferencebetweensignificantstress-strainrelationsinfig-
ure10fortheuniaxialhteralandlongitudinalstresses- thatis,
forprincipalstressratiosO and~.

u

.

SPECIALTESTS

Testson IsotropicYielding

It is assumedintheisotropicltiearflow’theoriest~t ~itial
prestrainingwillnotproduceanisotropy.Thatis,itisassumedthat
thereisisotropicyieldtig.To determtieexpertiental.lythevalidity
ofthisassumptionthefollowingtestsweremade. Onespectienwas
loadedinlongituiUnaluniaxialtensionto a strainofabout5 percent.
Thespectienwasunloadedandthenloadedunderuniaxiallateraltension
to failure.A secondspectienwasloadedinlongituti uniaxial
tensiontoabout5-percentstrain,unloaded,andthenreloadedunder
uniaxiallongitudinaltensionto failure.Iftheisotropic-yielding
assmnptionisvalidthesignificantstress-straincurvesforthesetwo
testswouldcoincide.A plotofthesignificantstress-strainrelations .

showedthatthecurveswereinaboutas closeagreementasthesignifi-
cantstress-stratirelationsforlongitudinaltensionandlateral
tensioninfigure10. Furthermore,thelackof ductilityinthelateral.
directiongavea smallover-allrangeof strain,makingthecomparison
ofthesignificantqtress-strainplotsnotentirelyconclusive.That
is,the3nitialanisotropyofthematerialmadeitdifficultto detemine
whetherisotropicyieldingoccurred.

TestsonCoticidenceofPrincipalStressandStrainAxes

Inthetheoriesofplasticity,itisassumedthatthedirectionof
theprincipalstressesandstrainsremainsthesameintheplasticrange.
To checkthisassumption,a strainrosettewasplacedona tubular
specimenh ordertoprovidea meansof determiningtheprincipalstrain
directions.Thespectienwasthensubjectedtoan internal.pressureand
valuesof strainsforthethreestrain-rosettedirectionsweremeasured “
uptoa strainofabout1.5percent.Thepressurewasthenremovedand
thepermanentP~sticstra~sweremeasured”‘rm ‘he‘trati-rosette
readingsthedtiectionsoftheprticipalplasticstrainsweredetermined. ,
A comparisonofthedirectionsoftheprticipalplasticstressesand
strainsas showninfigure20 showsthatforpracticalpurposesthe
directionoftheseaxescoincideasassumedinthetheory.
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CONCLUSIONS

13

Forthe7x-T6alumtiumalloytested,thefollowtigconclusions
sremadeonthebasisoftheforegotigbiaxialtensiontests:

1.Thebiaxialyieldstrengthsmaybe safelypredictedby the
maxtium-shesror stresstheories.

2.Thenominalbiaxialultimatestrengthsandthetruebiaxial
fracturestrengthsareinapproximateagreementwithboththemaximum-
stressandmaximnn-sheartheories.Forallthreekindsof strengbh,
thelinesdefiningthetheoriesarenotdefinitelyfixedsincethe
testtigofmorespectiensforuniaxialstressesmayhaveshiftedthe
locationofthelinesdefiningthetheories.

3. Althoughthetestresultstidicatea decreaseinductilitywith
biaxialtensioncomparedwithuniaxialtension,theductilityvalues
mayhavebeeninfluencedby theanisotropyofthematerial.

4.QForconstantprincipalstressratios,theoctahedraldefo~tion
theorygivesa goodengineertigapproximationfordefiningtheplastic
biaxialstress-strainrelations.

5.Fortheparticularloadpathandprincipalstressesusedthe
variable-stresstestresultsshowthatboththedeformationandflow
theoriesgivea goodapproximationto theactualstress-strainrelations. “

6. Forlargeplasticstrains,theassmnptionof isotropicyielding
madeintheplasticitytheoriesish generalagreementwiththetest
results.

7. Forthetestsof constantprincipalstressratioitwasshown
thattheprincipalaxesof stressandstraincoticidewithintheMnits
ofpossibleexperimentalerror.Thisconclusionindicatesthatany
initialanisotropyofthematerialdoesnotinfluencethetheoretical
valuesas givenbythestipledeformationor flowtheories.

.
ThePennsylvaniaStateCollege

StateCollege,Pa.,May27” 1950

——--—. —. -c——- - -——— — ——.—
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APPENDIXA

D~ON OFTHEORETICALSTRESS-STRAINRELATIONS

BYDEFORMATIONANDFLOWTHEORIES

Inthetiterpretationoftestresultsonplasticcombinedstress-
strainrelations,thedeformation-andflow-typetheoriesareusually
basedon distortion-ener~or octahedral-shear-stresscriterionsof
flow. Thedeterdnationofthestress-stratirelationbasedon the
uniaxialsimple-tensionstress-strainrelationforboththeorieswill
be outlinedinthefollowingsections.

Stress-StrainRelationsby theDeformationTheory

Onthebasisoftheassmnptionsthatthesmnoftheprincipal
plasticstrainsis zeroandthattheratiosoftheprficip~sh~~
stressesandstrainsareproportional,itcanbe shown(reference1)
thattheprincipalplasticstrainsintermsoftheprincipalstresses
are

~,= (:)~1 -:!2 + “3]]

(Al)

b equations(Al)ju and c arethetruestressandplasticstrain
forstipletension.

Squaringbothsidesofequations” andaddingtheresulting
equationsyield

— —- .—

(A2)
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where

“

(A3) “

and

;=&\ (3-42+ ~,- .3)2+(U3- UJ’ (A4)

and~and~ arecalJedthesignificantoreffectivestressand
strain.

It isnowpossiblebymeansof equations(Al),(A2),(A3),and(A4)
andthesimple-tensionstress-straincurvetoobtaintheprticipal
plasticstrains.Thatis:

the

the
of

(1)Forgivenvaluesoftheprincipalstressesu1, U2,and U3,
valueofthesignificantstress~ canbe determinedlyequation(A4)

(2)Fromtheshple-tensionstress-plastic-strainrelationusing
valueof u = 6 obtainedinstep1,correspondingvalues
G = % are found

(3)
stresses
~2,and

(4)

With T and ~ knuwn,forgivenvaluesof
equations(Al)canbe usedto determinethe

‘3
Forothervaluesoftheprincipalstresses,

theprincipal
plasticstrains~1,

theabovesteps
maybe repeated

To obtainthepredictedstress-straincurvesforeachofthe
.principalstresses,itisfirstnecessaryto addtheplasticstrain

. valuestotheelastich orderto obtainthetotalstrains.Thatis,
thetotalstrainsare

(A5)

.— ————— — -— -- — —— —
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By equations(A5) thetotalprincipalstrains~1’> ~2’>ad ~3’ cm

be determinedandthetheoreticalstress-strainrelationsbasedonthe
deformationtheoryplotted.h figures6, 7, 16, and17 stress-strain
relationsbasedontheforegoingprocedureareshown.

Stress-StratiRelationsby theFlowTheory

Theflow-typetheoryforpredictingplasticstress-strainrelations
differsfrcmthedeformation-typetheoryby ass-g thattheincremental
changestiprincipalshe= stressesareproportionalto theticremental
changesh theprincipalshearstratis.Theproceduredevelopedinthe
followingdiscussionforthetubesubjectedto titernalpressureand
axialtensionisadaptedfromthegeneraltheorygivenby Shepherdin
reference3.

.

Whenticrementsofprticipalshearstressandstrainareassumed
tobeproportional,thenequations(A5)arereplacedby incrementsof

wheretheincrementsofplasticstratiare
7

(A6)

/

(A7) ‘

Fromequations(A6) and(A7)thetotal-strainincrements,equaltothe
sumoftheelasticandplasticstrainincrements,become

.

.

.
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.

Thebeginningofplasticflowisdefinedby thedistortion-ener~theory
ortheequivalentoctahedralshearstress.Thatis,if cryisthe

yieldstressinshpletensiontherelationbetweenthestresscomponents
forplasticflowis

‘Y2= ’12‘-U22+Cf2-fl~D2-02a3 -
3

a3ul (A9)

It isthenassumedthatthefunctiongivenby equation(A9)which
definesbeginntigofplasticflowisa functiondefinm thesubsequent
plasticflow.Thatis, 8B tiequtions(A7)and(A8)isassumedto
tobe a functionF(G)b~ of ~ where ~ isdefinedby

(Ale)

Itwillbe assumedfurthermorethat~ (1)For 56<0,

5B=0 (All)

andtheincrementof strainiselastic.(2)For 55>0,

andtheticrementof strainiselasticandplastic.To determinethe
principalstress-strainrel&ions,itisnecessaryto determinethe
incrementof strainsfromequations(A8).To obtainthesestrati
incrmentsthevaluesof 5B mustbe knownfora givensetof stresses.
To determinebB equations(AIO)and(AH)wilJ.be used,togetherwith
thestiple-tensionstress-straindiagram.Forsimpletension~by
equations(A8),sinceal= a and U2= U3= O,

,

——— . —.—. __ -—.— -— .... . . —. —.-—.
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.

By equation(AIO)forsimpletensioncrl=a, a2= a3= O, and F= u,
andequation(A13)canbewrittena6 .

Substitutingthevalueof bB fromequation(AK?)h equation(A14),

(=’-~+ 5F(5)5F

Fora ftiiteamountof strainingby sumingup

(A15)

thestratis,

(JU6)

Sincetheleft-handsideof equation(LL6)re~resentstheplastic
strainC,by equation(u6)

G =z
5F(G)55 (A17)

Fromthetensiontestcurve,valuesof 6 = et - a/E canbe obtained

forgivenvaluesof a = 6. xSinceby equation(A17)e = a (G)55,

a graphcanbeplottedshowingtherelationbetween~~(~)~~ md ~.

Fromthisgraphandby graphicalintegrationvaluesof ~(~) canbe
obtatied foreachvalueof =. Then,dividing~(6) valuesby the
corresponding3 values,the F(6) canbe determinedforeach
z stress.It isthenpossibletoplota curveshowingtherelation
betwkenF(5) and F. WiththerelationbetweenF(=) and 6 known
fromthetensiontestresults,itisnowpossibletoobtainthetheo-
reticalstress-stratirelationsforthetubesubjectedto internal
pressureandaxialloading.To dothis,thefollowingstepsare
involved: .

(1)Forvariousvaluesor U1 thevaluesof
by equation(A1O)listedina tablecontainingthe

,

7 aredetermined
followingheadings:

.

— ~— ——— -—— —— -—- .—
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(2)Fromthe F(3)- F curveobtatiedby usingthestress-strati
curveforsimpletension,valuesof F(6) canbe foundforeach
valueandtheirmagnitudesplacedh thecorrectcolumnabove.

(3)me products

inthetable.

(4)Therelation

(5)Fm theplot

(F(B)al-&2
)

~ arethencomputedand

77

listed

( )‘2. ~ isthenplotteda@nst b.F(6)al-z

obtainedinstep(4)thevalues

xF@(”l-%-2)canbe obtatiedsincethesevaluesaretheareas
underthecurvefortheparticularvalueof G. Thesevaluesarethe
plasticstrainssinceby equations(A8)and(A12)thephsticstrains

q ,=
>

561 -

— - 1

(6) Thenby addingtheplasticstrainsfromstep(5)totheelastic
strains,thetotalstrainsbecome

!I’’lmtis;by equations(M.8)thetheoreticalprincipalstress-strati
relationscanbe obtabed.Thecurvesdesignatedby theflowtheoryin
figures6,7, 16,and17wereplottedUstigequations(~8) ad the
foregotigprocedure.

—— —— .- —
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APPENDIXB ‘
.

D~IOI? OFEQUIVALENTOFFSEH!STRAINFOR
.

D~ION OFBIAXIALYIELDSTRESSES1

Formaterialswithstrain-hsrdening,,itiscomnonpracticeto
determinetheyieldstressby theuseoftheoffsetmethodas illustrated
infigure4 forshnpletension.Forstatesof combinedstressesthe
procedureforthedeterminationofyieldstresseshasnotbeenstandard-
izedandvariouEmethodshavebeenused. Themethoddevelopedinthe
followingd.iscuasionforthedeterminationofyieldstressappearsto
he themostlogical.b thismethod,theyieldstressisbasedonan
offsetstrain- an equivalentoffsetstrati- a valuewhichtakesinto
accountthetifluenceof cmbinedstressesanda valuewhichisbased
ontheoffsetstrainusedforshpletension.Thedeterminationofthis
equivalentoffsetstratiisbasedonthedeformationtheory.

By thedeformationtheory,stnce u = 6, theprincipalstrainsgl
and ‘2 canbe obtainedfitermsoftheuniaxialstratie andthe
prticipalstressesby substituttig= for a as givenby equation(A4)
inequations(Al).Thatis,

where R istheprincipal

2~1-R+R’

(Bl)

stressratio G2/ul.

stratie = ~, theequivalentoffsetprin-Foran offsetplastic
cipalstratisG1 and 62 are,by eq~tions(Bl),

o 0 7
(2- R)

’10= 2-’0

G2 =

0 *\F%’”

(IQ)

.
%his procedurewassuggestedbyMr.L.W.Hu,ResesrchAssistant,

ThePennsylvaniaStateCollege.

— — —— —— .
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ForvariousvaluesoftheprincipalstressratioR = u2/al,

equations(B2)definetheequivalentoffsetstratisasusedinfiguresk
and5.

I

.

.

——.————. ——— — —.-
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TABLE1

YIELDSTRESSESFORVARIOUSRATIOSOFBIAXIALSTRESSES

hngitudinal
Btiid

Lateral

b

Stressratios
yield yield

stress stress,
ratio,

s-teas,
~ly

~ly
@l % x=—

(psi) (psi) ‘Y

0 67.5 x 103” ----------- 0.94
72.1 ----------- 1.OO
76.6 ----------- 1.06

a72.o ------ ----- al. 00

0.5 73.5 39.7 x 103 1.02
74.5
74.0

38.0 1004
a38.8 al. 03

L o 72.5 70.5 1.01
71.0 73.0 .98-
74.0

?~*5
1003

%? al. 01

2.0

t

37.0 76.2 I 0.51
38.0 76.0

● 53
a37.5 a76.~ a.52

m ----------- 68.6 -----
------- -—- m 5 -----
- ----------- a70.1 -----

aAveragevalue.

-----
-----
-----
-----

0.55
.53

a.%

0.98
1.01

● 99
a.99

L 06
1.06

aL 06

o.~
● 99

a.97

-—. . —-— —— —-- —
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TABLE2

NOMINALULTIMATESTRESSESFORV&UOUSBIAXIALSTRESSRATIOS

LongitudinalLateral ‘
Biaxial Stressnominal nominal
stress ultimate tit imate ratios

Spectienratio, stress, stress,

‘2/”1 - % ‘2U
(psi) (psi) x = ‘Idauy = ‘~/”u

(k::h:ny 21 85.7X 103 0 1004 0
29 83.2 0 1.01 0
34 78.6 0 .95 0

a82*5 ao al.00 %

o..~ A2 90.0 45.0x 103 1.09 0.55
A3 87.5 44.8 L 06 .54
18 86.5 43.2 1005 .52

a88.o ‘%4.0 al. 07 a.53

1.0 10 88.0 < @.2 1.07 1.07
I-1 77.4 77.5 .% ● 94
E! 78.8 78.8 .96 .96

a8L4 a81.5 a.99 a.gg

2.0 37 40.4 80.4 0.49 0.98
25 40.2 81.6 .49 ● 99

a40.3 a81.O a.49 a.98

3a o 72.5 0 0.88
(Tr-mverse Al 73.1 0 .89
tension) $ a72.8 a. a.~

aAveragemlue. -

—— — —.—— —
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TABLE3

TRUE*FRACTURESTRESSESFORVARIOUSBIAXIALSTRESSRATIOS

Biaxial
stress
ratio,

a2/ul

~ 0.5,,

1.0

2.0

(Lat~ral
tension)

21
29
34

A2
A3
18

10
U.
12

37
25

38
Al

LongitudinalIILateraltrue true Strem3
fracture fracture ratios
stress,

a’ -

stress,
al.r
(psi) (psi)

97.0 x 103 0 1004 0
94.2 0 1.01 0
89.0 0

● 95 0
a93.4 ao al.00 ao

25

.

95.8 48.1 X 103 1.03 0.52
93.2 ;;.; 1.00 ●51
92.1 .99 .49
a93.7 a47:o al.01 a.51

95.1 93.0 L 02 1.00
83.6 81.6 .90 .88
85.3 83.1 .89
a88.o a85.9 a:z a.92

41.2

I

80.6 0.44 0.86
41.0 81.8 .44 .88
a41.1 81.2 a.44 a.87

o 73.7 0 0,79
0 74.4 0 .81
ao a74.o ao a.80

aAveragevalue. -

-.—. —---- .——-——— --—-— — —
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TABLE4

NOMINALANDTRUEDUCTllJITYVALUESFORVARIOUS
.

BIAXIALSTRESSRATIOS

Biaxial Nominal True
stressratio, Specimen ductility ductility‘

/Crzal (h./in.) (h./in.)

21 I-2.1x 10-2 11.3x 10-2
(Long~tudinal 29 13.5 u.6

tension) 34 13.0 12.2
a12.8 au. o

0.5 A2 7.2
A3 ;:2 - 6.7
18 6.0 5.8 c

a7.o a6.7

1.0 10 4.0 3*9
11 3.0
w 3.5 ::;

a3.5 a3.5

2.0 37 2.0 1.9
25 2.0 1.9

a2.o al.9

38 2.5 2.1
(Lat&l Al 1.5 1.3
tension) a2.o al.7

.

.

aAveragevalue.

.

,

— —.—
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I

I

I
1

I

I

Loadingdirection

Longitudinal

T&anaverae

T- 5

mm sms—smAIN RIZATIONSFORDNIAXIALTEHSION5TS

-1-
Nminal

specimen
ult hrmte

atretls

(psi)

21 85.7X 103

29
I
83.2

34
I
78.6

Ia&.5
38

I
72.5

Al
I
73.1

a72. 8

True
fracture

BtreBB

(psi)

97.0x 103

94.2

89.0

‘993.4

73.7

74.4

‘a74.o

True Con6tant
ductIllty

constant

(h./in. ) (p:l)
n

11.3 x 10-2 --------- — -.---

12.6 ----------- -----

L?.2 ---.—----- -----

*12.o $%09 x 1 aO.08

2.1 —- —--- --- -----

L 3 ---- —-- --- -----

*1. 7 %. 0!3 %.04

‘ aAverage Talue.
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(a) Clip gage attached to .9pecink3n. (b) Device for calibmtlmg
clip gage.
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1 JE@re 2.- Photograph of clip gage.
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